. Site map indicating the relative location and orientation of the survey lines and dam structure. 
Introduction
Seismic reflection surveys were conducted at Keechelus Dam, near Easton, Washington, as part corrective action investigations by the Bureau of Reclamation. Approximately 7,450 line feet of seismic reflection surveys were conducted along the embankment toe on lines 1 and 3 and in the wetland area southeast of the dam on line 2 (Figure 1) . A detailed knowledge of the subsurface geology in these areas was determined necessary and would impact the design of a modified or replacement embankment at this site. Corrective action activities include drilling, test pitting, and geological mapping in the areas targeted for reflection surveying. The reflection survey was conducted to provide information about the likely configuration of the top of Keechelus Dam is located at the headwaters of the Yakima River, immediately east of Snoqualamie Summit, Washington. The dam, constructed during the 1912 through 1916 time period, is a zoned, rolled earth fill embankment at the outlet of a natural glacial lake. It is classified as a high risk dam by the U.S. Bureau of Reclamation due to the potential number of lives that could be lost and the potential environmental and cultural destruction that would occur if the dam were to fail.
Geology and Dam Construction
Keechelus Dam is founded on a glacial moraine and outwash deposits which have been exposed to erosion by the Yakima River (Bureau of Reclamation, 2000). The dam was constructed to take advantage of the moraine ridge crest. The southern (right) third of the dam is founded on alluvial fan sediments deposited by Meadow Creek. The north end of the dam (left) abuts against a small hill exhibiting scattered exposures of hard, lightly jointed, moderately to lightly weathered volcanic rocks. Reworked gravelly and boulder drift mantle the volcanic rocks in this area. Test pits and boring records along the dam's axis show varied depths of glacial materials consisting of heterogeneous, fairly impervious drift units, and outwash deposits of semi-pervious to pervious sand and/or gravel with varying percentages of cobbles and boulders. The glacial till and outwash deposits are underlain by lacustrine deposits primarily consisting of sand and silt with occasional gravel interbeds.
During construction downstream of the sheet piling and concrete core wall, it was necessary to control inflow from several locations because of heavy springs and wet conditions. Construction records indicate that large quantities of seepage water, 4 to 6 cfs, precluded construction of a concrete foundation cutoff wall beneath this portion of the dam. Instead, wooden sheet piles were driven along centerline in this area to serve as a cutoff wall.
Excavation across the crest of the dam from the dam's right abutment for a common telephone line/instrumentation trench intercepted a void at the bottom of the trench on June 9, 1998. The trench was 3 feet wide by 2.5 feet deep and aligned near the upstream side of the dam's crest. The measured void was about 6 feet in diameter at the top and tapered to about 3 feet in diameter at a depth of 2 feet below the floor of the trench. The axis of the void was oriented in the upstream direction. Investigations at the void included excavations to determine the extent of, and to characterize the void; underwater examination of the upstream face of the dam in the vicinity of the void; and a ground-penetrating radar survey in the vicinity of the void. The GPR survey was expanded to include surveying of the entire embankment. The GPR survey of the embankment identified 42 sites where voids were likely to be found within the embankment.
Data Acquisition
Nominal 24-fold data were acquired using a 96-channel rolling, fixed-spread configuration. A 96-channel Geometrics StrataView* seismograph recorded seismic energy generated by a single or pair of blasting caps (depending on in-field analysis of energy penetration) and detected by two 40 Hz marsh phones planted 1 to 3 ft below the ground surface. Receiver and shot station spacing as well as charge size and deployment strategies were determined based on a series of tests performed prior to production acquisition. Using a fixed spread and shooting through with the source provided an asymmetric split spread with minimum offsets of around 4 ft for all shots and maximum offsets in either direction of *Trade names for equipment and services are given for information purposes only and do not constitute an endorsement by the Kansas Geological Survey or Bureau of Reclamation.
around 130 ft. This offset range permitted the optimum offset (Hunter et al., 1984) for reflection within the upper 150 ft to be recorded on every shot.
Receivers and shot size and type were selected to maximize the resolution potential of reflection recorded between the surface to the top of the till, which at its deepest point was estimated to be around 150 ft below ground surface. The site was a wetland, which was created by leakage from the dam; therefore data were acquired using marsh techniques. Two marsh geophones were forced by hand into the moist ground to a depth ranging from 1 to 3 ft depending on stiffness of soils. Receiver stations were spaced 5 ft apart and shot stations were separated by 10 ft. Shots were placed at the bottom of 5 to 8 ft deep auger holes. Extreme variability is evident in shot gathers across this marshy site, which, based on the unconsolidated nature of the site and complete saturation (at least down to the first aquitard), would not have been expected. In some cases receiver-to-receiver differences in reflection wavelet could be as much as 25% in dominant frequency. Static in excess of 2 ms can be observed across a distance less than 10 ft, which in some cases represents over one-quarter wavelength. Each shot record was analyzed onsite to insure the highest quality possible.
Data Processing
Data from this study were processed on an Intel Pentium-based microcomputer using WinSeis,* a set of commercially available algorithms. It is becoming exceeding important as shallow seismic data processing capabilities become readily available throughout the commercial and academic communities that care be taken to insure only operations or processes that enhance the signal-to-noise ratio and/or resolution potential are used. Verification that coherent events on stacked sections are reflections requires careful evaluation of high-confidence reflections identified on shot or CMP gathers and followed throughout the processing sequence.
Most CMP processing steps used for this study were a simple scaling down of established petroleum-based processing techniques and methods (Yilmaz, 1987; Steeples and Miller, 1990) . The main distinctions in the processing flow of this data as compared to basic petroleum flows relates to the conservative use and application of correlation statics, precision required during velocity and spectral analysis (as well as associated NMO function), and the accuracy of the muting operations. A very low allowable NMO stretch (<20%) was extremely critical in minimizing contributions from the very shallow reflected energy at offsets significantly beyond the critical angle.
Extreme variations in wavelet characteristics are evident across distances less than one-quarter spread lengths. Variations in wavelet characteristics of this magnitude dramatically reduce the resolution potential of the stacked section and all but eliminate the use of attributes in interpretations. Complex geometries that change quite rapidly across this profile required the velocity function be defined on 20 CMP intervals and every 50 ms or so. This extremely detailed velocity function was necessary to obtain the coherency and wavelet consistency observed with the extreme variability in bed geometries. Processing/processes used on this data have been carefully executed with no a priori assumptions. Extreme care was taken to enhance through processing of reflection identified on shot gathers and not to create coherency that has no basis on unstacked data.
Results and Discussion
Unequivocal identification and verification of reflection on shot gathers is not only necessary, it is mandatory for meaningful interpretations of near-surface seismic reflection data. The most conclusive means to both verify and analyze reflections is to match modeled NMO curves (based on uphole velocity information when possible) with reflection hyperbolae interpreted on shot or CMP gathers. This combination incorporates ground truth (borehole-determined velocity), geometric curve fitting (forward and inverse modeling), and event identification directly from single-fold shot gather data. Too many times the power of seismic processing software and lack of careful attention to detail results in stacked shallow reflection data that inaccurately represents the subsurface (deep, conventional seismic reflection data is much more forgiving and minimal involvement processing will generally provide reliable results), and is justified by happenstance, consistency with existing drill data and geologists' models.
Spectral balancing (band limited spiking deconvolution) flattened the spectra and enhanced the signal-to-noise ratio of the shot gathers (Figure 2) . Inside traces, which were clipped as a result of proximity to the source, are evident on raw shot gathers. After spectral balancing the clipped waveforms are smoothed and in some cases appear to be realistic recorded seismic energy. The dominant frequency of reflections after spectral balancing exceeds 400 Hz within the upper 50 ms (125 to 150 ft below ground surface). As a result of the smoothing of the clipped waveform after spectral balancing, coherent events appear within the ground roll noise cone that are artifacts of the filtering operation. A coherent event with apparent hyperbolic curvature is evident on 4 to 5 traces at about 9 ms after spectral balancing (Figure 3) . It is even possible to suggest that another coherent event with hyperbolic moveout at about 16 ms is interpretable where previously the data were clipped. With the strong desire of the shallow reflection community to push the shallow limits of reflection mapping, artifacts of this type are extremely tempting to suggest as reflection and process them into stacked sections.
In this river valley/ glacial geologic setting it is not only likely, but expected, to encounter extreme dip on moraine and alluvial deposits across this valley. Asymmetric reflection hyperbolae are evidence of dipping beds and complicate the accuracy of the moved-out reflection wavelet (Figure 4) . Reflection with their apex left of the shot location come from beds that dip from left to right and reflection with apex on the right are, of course, the opposite and come from beds dipping to the left. Across this profile the dip direction flips about a quarter of the way across the survey profile. This marsh wetlands near-surface setting provide ideal coupling for the source and receivers. As a result of that excellent coupling, on many records an oscillation in the source cavity generated when the cap detonated resulted in multiple first arrivals and subsequent reflections produced on near offset traces ( Figure 5 ). These multiple refractions and reflections complicated the processing and required extreme attention to velocity and trace offsets. After spectral balancing the two unique curved arrivals is evident ( Figure 6 ). Traces with clipped waveforms were muted and fk filtering was used to suppress multiples. Attempts to use predictive deconvolution decreased the data coherency of the primary arrivals sufficiently to forego its application to these data. In cases where the strong primary or even multiples were not present, it would be extremely easy (if no velocity information was available and careful scrutiny of the NMO velocity was not done) to stack these curved artifacts of the spectral balancing. The resulting stacked section would provide little or no clue that this inappropriate action had been taken.
Variability in coupling in most settings is evident in shot-to-shot comparisons. At this site the unique coupling from shot-to-shot as well as receiver-to-receiver can be observed in shot gathers. After spectral balancing, receivers can be grouped into similar coupling environments (Figure 7) . The dominant frequency, signal-to-noise ratio, and penetration depths can double across distances less than 20 ft.
Geometries resolved with the CMP stacked section provides unique insight into the contact between lacustrine and till sediments beneath this wetlands area (Figure 8) . A high amplitude and frequency reflection marks the boundary between the Quaternary lucustrine and till boundary and is hydrologically significant to construction of a new dam and the potential to install an effective cut-off. The channel-looking feature on the northwest end of the profile separates a near surface where outwash sediments overlay lucustrine sediments from an area void of outwash sediments. This distinction will add significant detail to the engineering design of the new dam structure. 
Conclusion
Shallow, high-resolution reflection data from this glacial/alluvial site in west-central Washington provides a detailed glimpse of the extremely complicated and variable geology at this site and how it adversely effects the consistency of reflection wavelets and geometries trace to trace and shot to shot. A high in the till was detected with about 300 ft of the dam that could fully penetrate the lacustrine sediments, leaving a hydrologic pathway from the surface at this location. The seismic survey provided improved understanding of the variability of the geologic units previously only identified in boreholes and trenches scattered around the dam site.
